The Andes of southern Patagonia experienced a Miocene shift towards faster and higher angle subduction followed by the approach and collision of the Chile oceanic ridge. We present a kinematic study characterizing palaeostress fields computed from brittle tectonics, to better constrain upper-crustal deformation during this complex scenario. Although previous studies already suggested variable kinematics, it is striking that in a long-lasting subduction environment, the computed palaeostress tensors are mostly strike-slip (55%), while 35% are extensional, and only 10% compressive, concentrated along a main frontal thrust. Cross-cutting relationships and synsedimentary deformation indicates that a longlived strike-slip regime was punctuated by a lower Miocene extensional event in the foreland before the main compressional event. The results are discussed in contrasting geodynamic models of plate coupling/decoupling vs. direction and rate of convergence of the subducting plate, to explain the main mechanisms that control back-arc deformation.
Introduction
Evolution of Neogene deformation in the Southern Patagonian Andes (SPA) was related to changes in convergence vectors and to subduction of the Chile oceanic ridge (COR; Bourgois et al., 2000; Ghidella 2005, 2012; Ghiglione and Cristallini 2007; Scalabrino et al., 2010) . During an early Miocene plate reorganization event (~23 Ma; Lonsdale, 2005) , oblique subduction towards southern South America shifted from subduction of the Farallon plate (NE ~5 cm/yr) to the faster and higher-angle Nazca plate (ENE ~15 cm/yr) Ghidella 2005, 2012 ). This event was followed by collision of segments of COR since ~15 Ma, generating contrasting scenarios of subduction north and south of the Chile triple junction (CTJ).
Oblique subduction of the fast and oblique Nazca plate (az. 10° 8 cm/yr; Gripp and Gordon, 1990; DeMets et al., 1990) north of the CTJ presently produces partitioning of deformation along the Liquiñe-Ofqui dextral strike-slip system (Fig. 1a; Hervé, 1994) , while south of the CTJ, subduction of the slower Antarctic plate (NE 2 cm/yr) generates almost no upper-plate-related deformation (Scalabrino et al., 2010) . The CTJ has moved northward from ~55° to its present position at ~46° during the Miocene (e.g. Cande and Leslie, 1986; Scalabrino et al., 2011; Aragón et al., 2013) , and our working hypothesis is that the boundary separating these two contrasting deformation domains has moved accordingly.
Therefore, strike-slip deformation could dominate in the SPA, which has undergone a long period of oblique subduction previous to collision of ridge segments ( Fig. 1b-d ).
In order to characterize and understand the stress field along the foothills of the SPA we present 54 new palaeostress tensors, obtained at 48 sites (Fig. 2a) . We established a succession of the three end-member tectonic regimes in a quite short period of time.
Analysis of cross-cutting relations and synsedimentary deformation indicates that long
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lasting transcurrent deformation was interrupted by a prompt extensional event coeval with the early Miocene plate reorganization, followed by the compressional event producing basement thrusting. Our results show that back-arc deformation is strongly affected by oceanic plate reorganization in the subduction zone, and can lead to fundamental contrasts in terms of tectonic and sedimentary events.
Geological and tectonic setting
The Late Cenozoic evolution of the SPA is one of the most prominent examples of coupling between subduction dynamics, climate and tectonic deformation . Existing thermochronological data (Thomson et al., 2001 (Thomson et al., , 2010 Fosdick et al., 2013; Guillaume et al., 2013) indicate enhanced exhumation that migrated eastward between ~33
Ma and 5-3 Ma, potentially related to the approach and collision of the COR (Haschke et al., 2006; Scalabrino et al., 2011) . For the northern SPA a Miocene pre-ridge dextral transpressional deformation due to fast oblique subduction has been proposed (Scalabrino et al., 2009) , followed by late Miocene-Pliocene compression during ridge collision and a post-ridge extensional stage concomitant with glaciations at the latitude of the present CTJ (Lagabrielle et al., 2004; . However, kinematic data necessary to understand the complex space and time pattern of deformation are still scarce at a more detailed regional scale, the nature and kinematics of faulting being still open to discussion.
The studied sector is subdivided by the Basement thrust, a segmented fault with east vergence and ~N-S orientation (Fig. 2a) , which superposes Jurassic-Cretaceous and Late
Cenozoic rocks over the Miocene units (Giacosa and Franchi, 2001 ). The basement front segment delimited by the Sierra Colorada Fault is shifted towards the east relative to the regional trend (Figs. 2a, b and 3a) , a characteristic that can be related to the tectonic inversion of Mesozoic rift structures in the foreland (Giacosa and Franchi, 2001; Sruoga et 
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al., 2014), as shown also in the southern end of the SPA (Likerman et al., 2013; . The structural domain located to the west of the Basement thrust is characterized by NNW-oriented fold-and-thrust sheets involving Palaeozoic basement with ductile deformation, Jurassic synrift volcanics and Cretaceous retroarc sequences (Giacosa and Franchi, 2001; Ghiglione et al., 2015 Ghiglione et al., , 2016 . The external domain placed to the east is composed of Mio-Pliocene and some scattered Cretaceous units, which form a frontal monocline (Fig. 2) .
Brittle deformation analysis
We used field observations and mapping work at different scales, ranging from satellite images (Fig. 3a) to meso-scale field observations and measurements (Figs. 4, 5a and 6). At a regional scale, satellite image analysis (Landsat TM, ALOS-PALSAR) west of Sierra Colorada fault led to the mapping of kilometric-scale lineaments in the El Quemado Complex (Jurassic volcanics) (Fig. 3a) . Analysis of lineament directions shows 3 main families, a dominant N-S-oriented set, and secondary W-NW, and E-NE families (Fig. 3b ).
The comparison with directional statistics of the meso-scale faults measured in the same area reveals a good correlation (Fig. 3b) . Indeed, the N-S-trending set and E-NE fault directions are recognized. The comparison between faults and lineament distributions at complementary scales confirms that meso-scale faults are representative of the distribution of regional brittle deformation (Ghiglione 2002; Rosenau et al. 2006 ).
The established directional distribution overall fits well with a regional N-S rightlateral Riedel fault system ( Fig. 3c ; Riedel, 1929) parallel to the front of the orogen, as
shown by well represented N-S-trending main M dextral faults and N-NE-trending R dextral faults (Fig. 3d ). E-NE-trending R' left-lateral faults, and N-NW trending P dextral faults show
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some scattering but also have a reasonably good fit (Fig. 3d ). The N-NE families of reverse faults and N-NW extensional faults can be related, respectively, to the compressional and extensional events described below.
Beyond this specific mapping justified by the exceptional exposure of large-scale brittle structures in the El Quemado Complex, we systematically collected minor fault data (Figs. 4 and 5a) along the frontal region of the SPA, to determine the related palaeostress orientations.
In terms of methodology, fault/striae analysis is based on the Wallace and Bott principle (Wallace, 1951; Bott, 1959) , which has long been discussed and still remains a matter of debate concerning stress vs. strain relationships (e.g. Angelier and Mechler, 1977; Twiss and Unruh, 1998; Yamaji, 2000) . This principle states that faults slip parallel to the direction of maximum resolved shear stress on the considered plane of the local spatially homogeneous stress tensor (refer to Lacombe, 2012; Riller et al., 2017 for further discussion).
About 1000 fault planes and their slickensides were measured at 48 sites, from which 54 palaeostress tensors were calculated, including their principal stress orientations and the related -ratio ( =(σ2−σ3)/(σ1−σ3)) representing the shape of the stress ellipsoid (see Table 1 with detailed parameters and the stereonet plate provided in supplementary material). In six sites, superimposed brittle deformation stages could be differentiated from cross-cutting relationships, leading to two palaeostress tensor inversions (Table 1 ). The MIM© software was used in order to determine the stress axes (Yamaji et al., 2011) . The stability and the quality (Q parameter) of each tensor were estimated from a series of
criteria, including the visualization of the inverse function (Yamaji, 2000) , the distribution of the measurements, the number of faults used in the inversion, the average misfit angle M and a geometrical coherency test using the geometric right-dihedra method (Angelier and Mechler, 1977) and PBT method (Delvaux, 1993 ).
Tensor's qualities were classified from 1 (very good) to 3 (low quality), and only about 15% of the measurements have been discarded due to the high misfit individual angle.
About 13 tensors exhibit plunge of sub-horizontal axes above 15°, and only 2 above 20°, and/or plunges of sub-vertical axes lower than 70°, and could be back-tilted according to S 0 (palaeo-horizontal) following the andersonian theory. These tensors were rotated to test changes in stress orientation, but only number 48 presented noticeable changes and reasonable field arguments showing its tilting (Figs. 5b,c; see discussion below).
Accordingly, only tensor 48 was kept rotated in the final database.
The overall stress map ( Fig. 7 ) includes comparable strain axes; shortening and stretching directions published by Diraison et al. (2000) and Lagabrielle et al. (2004) . The obtained stress field is quite complex, and presents the three main deformational modes (extension, compression, strike-slip) . Looking at the strike-slip tensors (about 55% of the total) two major directions arise from our database (Fig. 7) , with subhorizontal σ 1 at az. ~30º
and ~110º, associated to subhorizontal σ 3 axis at az. ~120º and ~20º, respectively.
Extensional tensors represent 35% of our database with corresponding best σ 3 axis oriented at az. ~60° (dominant direction) and az. ~150° (minor direction). A minority of reverse tensors (10%) arise with a best σ 1 axis oriented at az. ~45°.
The -ratio (shape of the stress ellipsoid; Fig. 8 ), constrains the mode of deformation prevailing during the brittle phase(s) (Ritz and Taboada, 1993; Tricart et al., 2006; Beucher et al., 2017) . The transcurrent tensors (31 data) show a clear unimodal distribution, with one central peak at around 0.5, which indicates a pure strike-slip system. On the contrary, a bimodal distribution for the 19 extensional tensors, with a main peak at low values (0.2)
indicates a multi-trend extension, and a second peak around 0.7, indicating a tendency to transtension (Fig. 8) . The 4 reverse tensors do not allow providing reliable statistics.
Discussion and conclusions
Through the determination of palaeostress tensors our results show the existence of the three main modes of deformation in the SPA (Fig. 7) , distributed as follows: strike-slip deformation prevails in the western basement domain, while extension was observed in the lower Miocene foothills (Figs. 5a and 6 ) underneath the compression-dominated Basement thrust front (Fig. 2b ). How such a particular pattern of deformation may arise from the regional geodynamics, and in which temporal order, are the main concerns of this discussion.
Several authors have proposed a transpressional regime for the SPA based on the measurement of widespread strike-slip kinematic indicators (Coutand et al., 1999; Diraison et al. 2000; Lagabrielle et al. 2004) . The Eocene-Miocene scenario with oblique convergence of the Farallon and Nazca plates (Figs. 1b-d; Cande and Leslie, 1986) seems to be responsible for the transcurrent scenario (i.e. Scalabrino et al., 2010) and widespread strike-slip deformation of the basement domain (Fig. 7) , which is comparable to the current dynamics of the Northern Patagonian Andes ( Fig. 1a ; Cembrano and Hervé, 1993; Rosenau et al. 2006; Georgieva et al. 2016) . We suggest that overall Neogene deformation may have been dominated by transpressional right-lateral deformation partitioning along the Basement
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thrust ( Fig. 1 c,d ), i.e. a now extinct ancestor of the Liquiñe-Ofqui fault. For the particular case of the Sierra Colorada fault segment, an origin during Jurassic extensional/trantensional deformation has been proposed (Sruoga et al., 2014) , i.e.
providing a weakness zone readily reactivated during oblique subduction and related partition of deformation. Subordinate and scattered extensional deformation is affecting the Basement domain (Fig. 7) , interpreted as relicts from the Jurassic rift. The results are overall in accordance with expected transcurrent deformation dominating the SPA during oblique subduction previous to collision of ridge segments (Fig. 1b,c) . (Fig. 2a) . New exposures at the base of the cliff reveal an extensional phase underlying the thrusting event (Fig. 6 ). Another example of this event of synextensional deformation can be found in the Lincoln river area (Fig. 5a ). We documented outcrops of extensional growth strata and grabens that are overlain by the main thrust affecting Jurassic to Miocene sequences, and include rotated normal faults in the Río Jeinemeni Formation.
Once back-tilted, these faults provided an extensional tensor (#48 Fig. 5b ; see discussion above). This outcrop illustrates the synsedimentary nature of the deformation, indicated by depositional sequences thickening towards the listric faults and a decrease in dip from older to younger strata (Fig. 5a ), a fact that allows us to state that the extensional phase took place during deposition of the growth strata in the early Miocene (Fig. 5c ). Another indication constraining the age of extensional faulting is that the synrift formations are sealed by a horizontal post-extensional sequence made of undeformed strata from the Cerro Boleadoras Formation (Figs. 5c and 6 ). In concordance, many other tensors calculated in subhorizontal
Miocene outcrops located at the latitude of the Buenos Aires plateau to the east of the
Basement thrust, i.e. not affected by later compression, yielded extensional palaeostress axes (Fig. 7) , therefore reflecting their syn-extensional nature.
Afterwards, the COR moved towards the South American margin, triggering the compressional thrusting of the Basement front (Lagabrielle et al., 2004) . Tensors along the main thrust front between Lincoln River and Paso Roballos confirm its compressional nature (Figs. 5b and 7) . Synsedimentary folds and thrusts cropping out along Jeinemeni river's southern cliff (Lagabrielle et al., 2004) , and covering the synrift sequences (Fig. 6) , give an indication of the sudden passage from extension to compression. These sequences are covered by the post-deformational Cerro Boleadoras Formation, constraining the short timelapse in which synrift deposition was followed by the Basement thrusting phase (Fig. 5c ).
The geodynamic setting during the middle Miocene included young and hot approaching oceanic crust from the COR (Fig. 1c) , i.e. positive buoyancy slab and shallower subduction angle, indicating a possible episode of enhanced coupling between the South America and Nazca plates. A tenfold acceleration in sedimentation rates (~100 m/My) calculated for the 18-14 Ma period (Blisniuk et al., 2005) strengthens the interpretation of high coupling between the plates (see Horton and Fuentes, 2016; Horton, 2018) . lineaments drawn on the satellite image (Ronda et al., 2014) and the 308 micro-to-meso-
This article is protected by copyright. All rights reserved. Table 1 ), with subhorizontal σ 3 best axis at 240°/12° (azimuth/plunge convention) after rotation according to S0 stratification (see Table 1 ). Concerning this specific tensor, part of the measurements (see supplementary data) may correspond to layer-parallel shortening (LPS, Tavani et al., 2015) ; they have been discarded from the inversion. c)
Evolutionary sketch based on cross-cutting relations and synsedimentary deformation for the same site and at Jeinemeni river (see Figure 6 ). See location in Figure 2 .
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Method version 6.02) was used to determine the stress axes, because of its up-to-date computing strategy (Yamaji et al., 2011) .
Supplementary material
A/ Stereonets of the 54 palaeostress tensors are presented following the MIM software representation (equal area projection, lower hemisphere). Each stereonet shows the fault planes and striae used for the computation analysis. The triangles and stars represent σ 1 and σ 3 axes respectively.
B/ table of the 1000 single fault measurements used in this study
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